Recession curves are widely used in hydrological studies and projects, such as in rivers, streams or springs. However, no cave drip water has been analysed with recession curves. In this paper, four cave drips were monitored in the Velika Pasica Cave, in order to discover the water flow and storage properties of the epikarst. Various methods were applied in the recession analysis, combining the hydrological characteristics of the four drips: for the slow water in the epikarst, the matching strip method was the identified as the appropriate model for the drip water recession analysis. According to the recession coefficient k, the water flow in the epikarst was divided into fast flow, intermediate flow and slow flow. The volume of water retained in the reservoir (the epikarst storage) could be presented as a function of its specific recession coefficient.
Introduction
During precipitation or snowmelt, the majority of meteoric water from the surface passes through the epikarst zone and drains into the saturated part of the aquifer via major conduits in the bedrock. However, some precipitation is retained in the voids and cracks in the epikarst, which is referred to as an epikarstic aquifer (Ford and Williams 2007) . Frequently, close to half of all karst water may be stored in the epikarst, which indicates that this zone is an important storage component for water entering the aquifers (Williams 1983 (Williams , 2008 Lee and Krothe 2001) . Furthermore, a shallow groundwater reservoir is critical for ecosystems on the surface; thus, it is essential to determine the mechanisms that regulate and store water in the epikarst (Liu et al. 2014) .
Recession analysis is a well-known tool in hydrological analysis and water resources planning and management (Tallaksen 1995) . Recession curves can provide information on the storage characteristics of karst aquifers, such as fractures and conduits (Fiorillo 2011 (Fiorillo , 2014 . The methodology can be traced back to Boussinesq in 1877 and Maillet in 1905: the determination of the recession constant is a crucial and complex issue, and some traditional concepts pertaining to it have been discussed and compared (particularly the individual segments and the master recession curves) in Nathan and McMahon (1990) , Bonacci (1993) , Tallaksen (1995) , Rivera-Ramírez et al. (2002) and Sujono et al. (2004) . However, new thoughts are arising along with developing techniques, such as the wavelet transform (Sujono et al. 2004) . In this paper, the methodology was applied to a shallow layer of bedrock above a small cave, where at present the water flow in the epikarst system determines the hydrology of the cave drip water on a small scale (Liu et al. 2014) .
By plotting the logarithm of flow against time, runoff can be separated into three individual components: overland flow, interflow and groundwater flow (Barnes 1939 cited by Nathan and McMahon 1990) . Klaasen and Pilgrim in 1975 described the typical range of daily recession constants for different flows: 0.20-0.80 for surface runoff, 0.70-0.94 for interflow and 0.93-0.995 for baseflow (Nathan and McMahon 1990) . Amit et al. (2002) fitted the recession curve for spring water with two exponential terms corresponding to the fast flow and baseflow. This could also be useful for calculation of epikarst flow, which Smart and Friederich (1987) classified by the discharge of drip water with maximum discharge and coefficient of variation, and this method has been widely applied (Baldini et al. 2006 , Baker et al. 1997 , Genty and Deflandre 1998 , Tooth and Fairchild 2003 . Although Sheffer et al. (2011) tried to discuss drip water in a different way, a specific approach was required. So far no one has discussed cave drip water in terms of recession analysis. In this study, we separate the recession curves of the cave drip water into fast, intermediate and slow flow by means of a detailed range of hourly recession constants. In addition, the inference of the structure and the storage ability of four permanent drips in Velika Pasica Cave are discussed.
Site descriptions and data collection
The Velika Pasica Cave (45°55′14″N, 14°29′41″E) is located near the village of Gornji Ig, 20 km south of Ljubljana, Slovenia. The cave entrance is at an elevation of 662 m a.s.l. Thinly bedded Norian-Retian dolomite from the Upper Triassic period (Pleničar 1970) covers the cave region and its strata incline to the north at 10-15°. The cave is only 126 m long and the thickness of the ceiling of the cave varies from 2 to 12 m, which is quite shallow (Brancelj 2002) (Fig. 1  (a) ). Water within the cave is exclusively percolating water, entering the cave as permanent or temporary drips from the ceiling or temporary flows from the side (after heavy rain or intensive snowmelt). Four permanent drips, denoted VP1, VP2, VP3 and VP4, are distributed within the cave.
Detailed hydrodynamic processes from the four permanent drips in the cave (VP1-VP4) were recorded by a datalogger (Delta-T Device Company) connected to four sets of raingauges for recording the discharge of the drips. A volume of percolated water from the ceiling was measured at 1-hour intervals. The original discharge was measured in mm, and the data were transformed into mL/min with a conversion factor. The distance between the ceiling and the funnel of the raingauge varied among sampling points (1-5 m). In order to collect dispersed jets of water, a plastic screen (2 m × 2 m) was put in place to direct water into the funnel of the raingauge. Another data-logger equipped with a raingauge was set up on the surface to record precipitation.
Data from the year 2012 were applied in this study. There were 17 rain events chosen for analysis, but not all the drips had clear recession segments for all the events. The magnitude of each rain event is listed in Table 1 .
Hydrology of cave drip water
In the cave area, only a thin layer of soil mantle lies on the surface, with depth that varies from 0 to 20 cm ( Fig. 1(b) ). The porous medium on top of the cave is mainly composed of the conduit-fissure dual structure system in epikarst (Liu and Brancelj 2011) . Based on the discharge speed and intensity in response to precipitation, the four permanent drips in the cave can be described as: rapid response with high intensity discharge (VP1); fast response with moderate discharge (VP3); rapid response with negligible discharge (VP4); and no response (VP2) (Liu et al. 2014 ).
An example of the different hydrological performance of drips in response to precipitation at the beginning of January is illustrated for a recession period from 2 to 23 January 2012, which started with 25.6 mm of rainfall in 28 hours between 2 and 3 January (Fig. 2) . The hydrological profiles of the four drips presented here are the basic reference for the discussion. Drip VP1 had a rapid response to precipitation, with high fast discharge flow followed by a subsided period; there was no apparent response from VP2 to the event; VP3 responded with a gentle rise and prolonged recession process; and the discharge of VP4 was very low. The catchment area and the geological characteristics (effective porosity) of these four drips affected their distinctive hydrological performance, although they are in close proximity to each other within the cave.
Recession analysis
Graphical approaches have been made visually and directly, but analytical mathematical models are required to adequately fit the recession segments (Padilla et al. 1994) . The simplest and most widely applied model in theoretical investigations and empirical studies of the recession curve was independently introduced by J. Boussinesq, E. Maillet, and R.E. Horton around the year 1904 (Nathan and McMahon 1990, Amit et al. 2002) :
where Q t is the discharge at time t, Q 0 is the initial discharge, and α is a constant (also known as the cut-off frequency). The equation is optimal for a homogeneous or approximately homogeneous aquifer, but, in reality, discharge is a result of an inhomogeneous medium; thus α varies during the recession period.
Although the exponential function of the recession is an old method, this function is still widely used and it can be written in alternative forms (Tallaksen 1995 , Chapman 1999 , Sujono et al. 2004 :
In order to simplify the equation, the term e −α is normally replaced by k, which is a recession constant for the selected time units. Recession period τ is the turnover time of the groundwater storage, defined as the ratio of storage to flow; α = 1/τ. Based on the above equations, the relationship between α and k can take the following forms:
where k is inversely proportional to α, while positively correlated with τ.
Individual recession segments in different rain events
As implied from Equation (1), the recession should be plotted in a straight line on a semi-logarithmic plot (Fig. 3) . Average recession characteristics can be summarized from all the recession curves. Based on the values of the recession coefficient k for each of the 17 rain events in 2012 (Table 1) , the average k was obtained. The discharge performance of the drips decreased from 0.992 (VP4) to 0.988 (VP2), 0.980 (VP1) and 0.975(VP3). Clearly, the k value varied significantly between events (Table 1) . According to the hydrological characteristics of the different drips, their performance differed in response to each rain event: VP1 responded to the most rain events (16), while VP2 missed eight events. Dry weather is one of the factors that significantly affects the discharge processes (Nathan and McMahon 1990) . Additionally, the rainfall pattern has an important role in the discharge of individual drips (Tallaksen 1995, Liu and Brancelj 2011) , as can be seen in the case of VP2.
Master recession
The recession behaviour of individual segments, being affected by the weather conditions, varied significantly at different drips. Thus, it is hard to determine a certain k value for a specific catchment area. The master recession method was applied to overcome this problem of uncertainty. The method was used to construct an envelope that includes the individual recession curves. Two common graphical methods have been used to construct the master recession curve: the matching strip (Snyder 1939 ) and the correlation method (Langbein 1938) . Both are discussed briefly here.
Matching strip method
The matching strip method is based on the exponential model (Equation (1)). In this method, which is different from the individual recession analysis, all the recession segments are plotted on one semi-logarithmic scale and shifted until the tail parts of the recessions overlap to form a set of common lines. After this approach, a mean line through these common lines represents the master recession curve (MRC; Nathan and McMahon 1990, Tallaksen 1995 ). An example of the MRC applied for VP1 and VP2 by the matching strip method is presented in Figure 4 . The results of k for all four drips are presented in Table 1 . However, as the master recession curve was drawn visually, it still has some errors.
Correlation method
If one rearranges the exponential model (Equation (1)), the recession constant k can be expressed as a function of the slope of the correlation line Q/Q 0 and the lag interval t: 
In other words, the constant k is the slope between the current discharge Q and the previous discharge Q t at the previous time interval t (Linsley et al. 1958 , Beran and Gustard 1977 , Nathan and McMahon 1990 . The correlation method plots all the recession segments on natural scales, plotting the current discharge against the discharge at some fixed previous time t. If Equation (1) is correct, the plotted data of the recession will form a straight line. The envelope line is drawn as the master recession curve. The correlation method analysis results for VP1 and VP2 at 2-hour and 5-hour intervals are plotted in Figure 5 (values of k are given in Table 1 ).
Comparison of different methods
The most important impacts on the recession rate for spring water are made by the geological and hydraulic characteristics (Tallaksen 1995 , Fiorillo 2009 ), which are also proved by drip water from the epikarst. Due to the small size of the porous medium in the epikarst, the Poiseuille law or Darcy law can be applied for water flow in small conduits and factures in epikarst (Fiorillo 2011) . The Poiseuille law represents flow in small conduits and the viscosity of the water has to be considered; the Darcy law represents flow in factures with hydraulic conductivity. The recession coefficient has different physical meanings in different function models. The recession constant k for the Poiseuille model in epikarst is inversely correlated with the size and amount of water flow in the media as determined by small conduits. It is correlated with the flow distance in the media. For the Darcy model, the recession constant k is inversely correlated with the hydraulic conductivity and it is also correlated with the flow distance in the media.
Determining the exact value of constant k is not possible, as the structure of medium, amount of precipitation and evaporation loss are not even or uniform (Nathan and McMahon 1990) . Thus, the average recession coefficient is obtained from each individual event. For that reason it represents the average storage properties of the epikarst reservoir.
In order to reduce the uncertainty, two common methods to determine master recession curves are applied here: the matching strip and the correlation method. Both methods attempt to overlap various individual recession curves onto one common line as an envelope. Nathan and McMahon (1990) stated that the master recession curves represent the average characteristics of baseflow, which were integrated from the individual events. Both methods rely on visually fitted curves from semi-logarithmic graph plots, which result in imprecise results. In the matching strip method, the line is usually not straight. In particular, when the flow was low, the points stepped out of line (Fig. 4) , which was also confirmed by Kottegoda et al. (2000) . The results from Table 1 , combined with the hydrological properties of the four drips, show that VP1 had large and fast discharge. Amit et al. (2002) suggested that the large value of α represents fast flow, and thus the value of k should be small. In contrast, drip VP2, with the smallest discharge of the four drips, should have the largest k. The matching strip analysis is in accordance with the average values from the individual analysis. According to the definition and the presentation of the matching strip curve, it represents the slow flow in epikarst more correctly. This is supported by the results of the correlation analysis for the slow flow drips, VP2 and VP4, which were close to the matching strip analysis. Thus, the matching strip method provides more useful information for prediction of low-flow characteristics.
Division of the flow sections
The Boussinesq equation could be modified to represent the discharge Q t as a sum of N exponential components:
where k i is the recession constant of the ith component of the recession segment; Q i is the relevant discharge; and t is the duration of the ith recession segment. According to the Boussinesq equation, the recession segments should be represented as a straight line on the semi-logarithmic graph, and its slope would be the recession constant. However, the recession curves are rarely straight lines in a long time series, but they could be separated into several short straight-line segments. Fiorillo (2011 Fiorillo ( , 2014 Figure 6 represents a very intense rainfall event at the end of April 2012, when 13.6 mm fell in 6 hours. As presented in Figure 6 , the recession curve of VP1 could be divided into three components: fast flow, intermediate flow and slow flow. At VP1, the intense rainfall caused a concentration of infiltration and discharge. Approximately 44.5% of the water was discharged in 25 h as fast flow. During this period, with high water flow velocity, a non-Darcy flow model could be applied (Fiorillo 2011 ). In the semi-logarithmic plot, this phase provides the nonlinear (initial) part of the recession limb.
Gradually the fast flow slowed down, but then diffuse infiltration occurred, which recharged the epikarst aquifer intensively. As a result, the adjacent smaller conduits continued to collect water to recharge the perched reservoir, which maintained the water table of this reservoir. It represented the main source for the intermediate flow with a lower recession rate compared with the fast flow, and about 34.3% of the water flowed out in 74 h.
When the supplement from minor conduits reduced and even ceased, the water table of the perched reservoir slowly decreased. Slow flow started to dominate and viscosity and friction forces controlled the discharge pattern, i.e. recession processes (Fiorillo 2014) . This resulted in the concave shape of the hydrograph line, which was relatively straight in the semi-logarithmic plot. During this stage 21.2% of the water flowed out within 197 h.
Each period represented a specific water moment with a certain recession coefficient k, but as the discharge decreased continuously, it is hard to determine an exact point for flow division. Instead it is necessary to apply an average value of k for a certain period. The values of k for each component are presented in Table 2 . Drip VP1 was the most active and reflected the fast flow and intermediate flow duration the most frequently, while the slow flow happened less frequently during the observation periods. Drip VP3 had a less active response to the precipitation events and the most common water flow was intermediate flow, while slow flow was rare. Slow flow and intermediate flow were predominant at sites VP2 and VP4. Drip VP4 responded more frequently, although it discharged even more slowly than VP2. The results from the recession analysis are in accordance with the hydrological curves in Figure 2 .
As the structure of epikarst controls the discharge processes, we can conclude that relatively large conduits dominate in the catchment area of VP1, while fissures are the main media in VP2 and VP4, and VP3 is in an intermediate (Table 2) . Thus, these ranges provide a reference for the water discharge pattern from the epikarst.
Storage volume of the drip water
As related to the quantitative expression of Boussinesq, the volume of discharge from drip water maybe presented as: The total storage volume from t = 0 to t = ∞ is defined by V 0 :
Some researchers, such as Amit et al. (2002) , have discussed this for different conditions. Because the structure of epikarst is inhomogeneous, as discussed above, the recession processes may be divided into several segments, each having a different recession constant k. Moreover, each segment with a specific k actually represents different voids in the epikarst; that is, the amount of discharge there reflects the storage capacity as well as the catchment area of each drip point.
The total discharge was recorded as V 0 and the discharge during the first, second and third segments as V 1 , V 2 and V 3 , respectively. In order to separate the recession segment into different components on a semi-logarithmic coordinate system, the irregular point for breaking the segment should be eliminated with the largest curvature. The slope of each segment is therefore represented as the recession coefficient k.
Thus, the recession equations are:
and the discharge volumes of each component are:
This indicates that in each component of a recession segment the discharge volumes and the volume of water retained in the reservoir are functions of its specific recession coefficient, i.e. the discharge volume relies on the characteristics of the local epikarst structure. The rain event in April 2012 (Fig. 6 ) was taken as an example for the calculation. The epikarst flow was divided into three periods: fast flow, intermediate flow and slow flow. For each period, the initial flow rate was determined, as well as the recession coefficient and the duration of the water flow. The parameters are presented in Table 3 .
The volumes of all the different recession periods were calculated from Equation (9) and are presented in Table 4 . Meanwhile, discharge from each drip, which was monitored by the data-logger, is presented in Table 4 for comparative purposes. With reference to the results presented in Table 4 , the recession model could predict the dominant flow of each drip site accurately. The volumes of water flow as fast flow at site VP1, intermediate flow at VP3 and slow flow at VP2 and VP4 were close to the measured discharge from the drips. For that reason multiple consecutive measurements of the discharge could be a good approximation for the calculation of the storage capacity in the epikarst.
Conclusions
The recession curve contains valuable information on storage properties and aquifer characteristics, such as structure characteristics of the epikarst (conduits and fractures). In order to understand and interpret in more detail the storage properties and storage capacity of the epikarst, the cave drips were monitored for the first time over long time intervals with high frequency of measurement (at 1-hour intervals) for the recession analysis. After comparing the individual recession segment analysis, the matching strip analysis and the correlation analysis for slow flow in the epikarst, the matching strip was found to provide the more coherent representation. The recession segment was divided into different components with an average value k for a certain period. Cave drip VP1 had distinct phases of fast flow, intermediate flow and slow flow, while intermediate flow dominated in VP3, and VP2 and VP4 mainly ran as slow flow. The different flows could be used to infer the storage media of the epikarst, in that the discharge volume relies on the composition of voids in the local epikarst. Based on the Boussinesq equation, the volume of water retained in the reservoir was presented as a function of its specific recession coefficient, which reflects the epikarst storage capacity.
